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CORROSION SCIENCE SECTION 

Carbon Dioxide Corrosion and Acetate: A 
Hypothesis on the Influence of Microorganisms 

J.M. Suflita,' T.J. Phelps,"andB. Little1'" 

ABSTRACT 

// is our hypothesis that fermentative, acetogenic, and sulfaie- 
reductng bacteria residing in pipeline faculties can influence 
corrosion through the production of carbon dioxide and acetate 
under the prevailing anaerobic conditions. The exacerbation of 
carbon dioxide corrosion of carbon sleel in the presence of ace- 
tic acid is a well-known phenomenon in the oil Industry. Doth 
chemical compounds can be produced and consumed by mi- 
croorganisms during the anaerobic biodeuradation of organic 
mutter—including l\ydrocarbojis. We contend that the prin- 
ciples governing anaerobic biodegradation activity can be ex- 
trapolaled to aboveground oil production facilities and lhal the 
mlcrobial diversity inherent in petroleum reservoirs largely re- 
flects that in pipeWies. 

KEY WORDS: acetate, acetogenic bacteria, anaerobic biodeg- 
radation, carbon dioxide corrosion, fermentative bacteria, 
mclhanogens. microorganisms, sulfate-reducing bacteria 

INTRODUCTION 

It is generally agreed that carbon dioxide (C02) in oil 
pipelines originates from formation waters. C02 corro- 
sion was first described in the 1940s.' and since that 
time much of the attention on C02 corrosion has fo- 
cused on the resulting acidity when C02 is dissolved 
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in water to form carbonic acid (H2CO:l). Acetate is also 
recognized as a common constituent of reservoir Qu- 
ids, and several hypotheses for the abiotic origin of 
this organic anion have been advanced. As summa- 
rized by Felipe, et al.,2 these include the interaction of 
oil and water,'4 thermocatalytic degradation of kero- 
gen,5 oxidation of suitable acid precursors," "and the 
pyrolytic destruction of kerogen or oil components.*IS 

Simplistically. the corrosion rate of carbon steel in ac- 
etate-containing brines acidified by C02 is related to 
the concentration of acetic acid (CH,COOH). Garsany, 
et al.,'K using laboratory brines containing only so- 
dium chloride (NaCl) and sodium acetate (CH.COONa) 
concluded that the concentration of acetic acid is 
a function of the acetate concentration, and hence, 
there is a direct relationship between the corrosion 
rate of carbon steel and the acetate concentration of 
the brine. The distribution between acetic acid and 
acetate is a function of pH. The pKa of acetic acid/ac- 
etate in oil brines is near 4.7 (Figure 1)."' In the bulk 
aqueous phase at normal pipeline pH values of ~6 to 
6.5. a small fraction (-1%) of the acetate will persist 
as the protonated acid. However, in some locales as- 
sociated with solids near pits, where a lower pH is 
observed, a considerably greater fraction may be pro- 
tonated. 

Crolet and Bonis'7 concluded that the key deter- 
minate of C02 corrosion was the chemical composition 
of the produced water and suggested that bicarbon- 
ate, acetate, hydrogen sulfide (H2S), and calcium were 
as important for the evolution of pH as the partial 
pressure of C02. Crolet, et al.,'K concluded that C02 

corrosion was reduced at low partial pressures, unless 
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more than 0.1 mM to 1 mM acetic acid was present 
in the water. They concluded that one role of acetic 
acid in accelerating corrosion was related to an inver- 
sion of the acetate/bicarbonate ratio and that the ace- 
tic acid, even in a minute concentration, was the main 
source of the acidity consumed by corrosion. 

The impact of "CO;,, corrosion" in oil and gas pipe- 
lines has recently been reviewed.14 One of the con- 
clusions of that article is that the electrochemistry of 
mild steel dissolution in CO; solutions is largely un- 
derstood, but outstanding issues relating to the im- 
pact of other chemical components, in particular H2S 
and acetic acid, still need a more fundamental under- 
standing. 

NACE Standard Practice SP0106-20062" speci- 
fies the following: (1) "A partial pressure of C02 above 
207 kPa (30 psi) is usually corrosive in the presence 
of water. (2) A partial pressure ofC02 between 21 kPa 
(3 psi) and 207 kPa (30 psi) may be corrosive in the 
presence of water. (3) A partial pressure of C02 below 
21 kPa (3 psi) is generally considered noncorrosive." 
These specifications are followed with a cautionary 
note that low molecular weight organic acids (acetic 
and propionic) or H2S will interfere. 

Hedges and McVeigh summarized additional con- 
clusions related to acetate in oilfield brines:21 

—The presence of acetate ion in oilfield brines 
can significantly increase the rate of corrosion 
of carbon steel. 

—In the presence of acetate ion, the corrosion 
rate can increase even if the pH increases. 
Many corrosion prediction models cannot ac- 
commodate this observation. 

—On a ppm basis, acetate ion increases the cor- 
rosion rate more than HCO-, decreases it. 

—The presence of acetate ion only affects the cor- 
rosion rate and not the corrosion mechanism. 

—The mechanism by which acetic acid increases 
the corrosion rate may be explained by its 
ability to both decrease the pH and solubi- 
lize Fe2', thus reducing the iron carbonate film 
thickness. 

—Acetate ion has been shown to attack existing 
iron carbonate films and make them thinner. If 
local film thinning were to occur, this would re- 
sult in localized corrosion. 

—All of the above could result in the corrosion 
rate being significantly underestimated and 
consequently the specification of too low a cor- 
rosion allowance and/or the implementation of 
an insufficient inspection and corrosion control 
strategy. 

Understanding the origin and fate of acetate in 
pipeline systems is fundamental for the appreciation 
of biologically mediated corrosion processes. Gener- 
ally, a biological origin for acetate formation in res- 
ervoir fluids or in pipeline systems is not considered. 
Herein, we propose that both C02 and acetate pro- 
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FIGURE 1. Distribution of acetic acid and acetate based on pH. 

duced during the anaerobic biotransformation of or- 
ganic matter in either the reservoir, in aboveground 
facilities, or both exacerbate the corrosion process. 

EXTRAPOLATION OF ANAEROBIC 
BIODEGRADATION PRINCIPLES  

Petroleum reservoirs harbor a diverse micro- 
flora.22 Questions regarding whether such organisms 
are autochthonous inhabitants of such formations or 
allochthonous contaminants introduced during explo- 
ration are moot in that the microorganisms proliferate 
under the prevailing environmental conditions. It is 
therefore not unreasonable that some of these organ- 
isms get transported with reservoir fluids to occupy 
niches and exploit new habitats in pipelines, separa- 
tion tanks, and storage facilities. Like the reservoirs, 
aboveground facilities are anaerobic environments 
and the metabolism of anaerobes, particularly those 
residing on or near metal surfaces, has the capacity to 
influence C02 corrosion in important ways. 

Carbon Dioxide in Anaerobic Systems 
First and most obviously. C02 is the ultimate 

mineralized end product resulting from the mierobial 
degradation of the myriad forms of polysaccharides, 
proteins, nucleic acids, and lipids in any environ- 
ment. Geological evidence suggests that hydrocarbons 
must be included in this list of biodegradable forms of 
organic matter.2124 In fact, the susceptibility of vari- 
ous hydrocarbons to anaerobic biodegradation is well 
known, and the subject has been reviewed repeatedly 
over the last decade.25 "; It is clear that the oxidation 
of many different types of hydrocarbons can be cou- 
pled with the reduction of a variety of electron accep- 
tors other than oxygen and that C02 is the resulting 
end product. It is also clear that anaerobes can couple 
their metabolism in syntrophic associations (below) 
that ultimately allow for the conversion of the petro- 
leum components to the other major mineralized end 
product—methane (CH4).'"48 

As is typical in methanogenio environments, the 
catalytic entity involved is not a pure culture. This is 
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because methanogens are nutritionally limited and 
use only a lew substrates, namely Cl compounds, hy- 
drogen and acetate, to supply their carbon and energy 
needs. Methanogens must rely, therefore, on other an- 
aerobes to convert complex forms of organic matter to 
simpler molecules that can then be assimilated. In ef- 
fect, the methanogens. and in the presence of sulfate 
the sulfate reducers, may be the end members of a 
complex and rather modular feeding web wherein dif- 
ferent organisms occupy specialized metabolic niches 
that serve to break down organic matter in a series of 
discrete stages.4H However, the niche of methanogens 
is far more crucial than just scavenging small molecu- 
lar weight metabolite fragments formed by partner or- 
ganisms. In fact, the metabolism of larger molecular 
weight organic intermediates tends to be endergonic 
under standard conditions. That is. these compounds 
would not be readily metabolized unless the metha- 
nogens consume the aforementioned substrates and 
effectively pull the reactions toward complete min- 
eralization. The net energetics of the coupled reac- 
tions are thermodynamically favorable. In this way, 
multiple organisms enter into thermodynamically 
based syntrophic associations with methanogens to 
affect the overall bioconversion of many forms of or- 
ganic matter to methane and C02. The reactions con- 
tinue to operate as long as the methanogens maintain 
the concentration of H2 and acetate (formed at earlier 
metabolic steps) at low levels such that overall decom- 
position processes are exergonlc. In syntrophic asso- 
ciations, the degradation of a substrate by one species 
is made thermodynamically possible through the re- 
moval of end products by another species. The mutual 
dependence between interacting bacteria can be so 
great that neither organism can function without its 
partner, and together the partners catalyze reactions 
that neither species can do alone. The intricate details 
of syntrophism with many examples of such interac- 
tions have recently been reviewed.4*r*' 

We suggest that it is reasonable to expect the 
same type of mutualistic bacterial associations to also 
occur in facilities used for hydrocarbon extraction, 
processing, and transport. In these facilities, complex 
forms of organic matter including hydrocarbons are 
broken down into simpler components and eventually 
into smaller molecular weight fatty acids and alco- 
hols. These components, in turn, are converted to ac- 
etate, hydrogen, and C02 by syntrophic bacteria that 
rely on the removal of acetate and hydrogen by meth- 
anogens (or other organisms—see below) to render the 
energetics of such bioconversions favorable. It should 
be clear from this brief discussion that many path- 
ways of anaerobic metabolism converge on acetate. 
In effect, bacterial syntrophism can be based on in- 
terspecies acetate utilization as well as hydrogen con- 
sumption/'1 "52 

The efficiency of methanogenic decay depends 
on the close cooperation between the partner organ- 

isms. There should be a balance between the decay of 
the primary substrate and the production of methane. 
Typically, intermediates like H2 and acetate are main- 
tained at suitably low concentrations.w M However, 
there is no reason to expect that syntrophic part- 
ner organisms are equally sensitive to environmental 
stresses. Thus, the differential sensitivity to stresses 
can diminish and eventually destroy the mutualism 
between the organisms, and this most easily mani- 
fests itself as an accumulation of H2 and acetate (as 
well as other reduced intermediates). 

The situation changes in important ways if al- 
ternate electron acceptors (e.g., sulfate, ferric iron, 
nitrate, or several others) are present in sufficient 
amounts in anaerobic systems. In aboveground facili- 
ties the presence of sulfate from seawater injection 
systems and iron from metal surfaces are of partic- 
ular concern. The anaerobic metabolism of organic 
matter can still occur under these conditions through 
the action of cooperating metabolic guilds of microor- 
ganisms. However, the composition of the guilds can 
change dramatically and methane tends to be far less 
quantitatively important an end product of microbial 
metabolism, particularly when sulfate is abundant. 
This is because organisms catalyzing anaerobic res- 
piration at the expense of alternate electron accep- 
tors are generally able to outcompete methanogenic 
consortia for critical metabolic intermediates like hy- 
drogen and acetate.51 The methanogens may also be 
directly Inhibited in some cases. However, anaerobic 
respiratory metabolism in the presence of alternate 
electron acceptors can have a direct impact on corro- 
sion through the production of reduced sultides and 
direct iron dissolution. 

ACETATE IN ANAEROBIC SYS1I MS  

The reactions in Table 1 demonstrate the impor- 
tance of acetate and H2 as critical intermediates that 
are both produced and consumed in anaerobic envi- 
ronments under a variety of electron-accepting condi- 
tions. The role of acetate in accelerating C02 corrosion 
in pipelines would be particularly acute wherever the 
net production of this organic anion (from both bi- 
otlc and abiotic sources) exceeds the ability of the end 
members of anaerobic microbial feeding webs to me- 
tabolize it. This would be particularly true where the 
acetate-consuming bacteria were inhibited or stressed 
relative to the acetate-producing organisms. In the 
simplest example, the methanogens tend to be very 
sensitive to pH and operate within a relatively narrow 
range. However, the same is not true of the other or- 
ganisms that biodegrade higher molecular weight ma- 
terials and produce acetate and other organic anions 
(as well as H2 and C02). H2 accumulation can also ad- 
versely affect methanogenic activity. Ahring, et al.,5h 

found neither growth nor acetate utilization by the 
acetoclastic methanogen Methanosarcina thennophila 
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TABLE 1 
Acetogenic, Methanogenic, and Sulfate-Reducing Reactions Involved 

in the Degradation of Organic Matter Under Anaerobic Conditions'*' 

Reaction 

Syntrophic acetogenic reactions 
Propionate + 3H20        • 
Butyrate" + 2H20  • 
Lactate" + 2H20  • 
Ethanol + H20  • 
Methanol + 2H20  • 

Methanogenic reactions 
4H2 + HC03 + H*  • 
Acetate + H20  • 
Methanol  • 

Sulfate-reducing reactions 
4H2 + SOf + H*   
Acetate" + SO4"   
Propionate"+3/4S05"     
Butyrate + 1/2SOJ          
Lactate" + 1/2SOJ"          
Ethanol + 1/2SOJ"   
Methanol + 3/4SOJ" + 1/4H* 

Homoacetogenic reactions 
Lactate — 
Ethanol + HCO3 — 
Methanol + 1/2HC03       
4H2 + 2HCO3 + H* — 

Acetate + HCO, + H* + 3H2 

2Acetate" + H* + 2H2 

Acetate" + HCO, + H* + 2H2 

Acetate" + H* + 2H2 

HCO; + H* + 3H, 

CH, + 3H20 
CH4 + HCO3 
3/4CH4 + 1/4HCO, + 1/4H* + 1/4H20 

HS + 4H20 
2HCO3 + HS 
Acetate + HC03 + 3/4HS" 
2 Acetate" + 1/2HS" + 1/2H* 
Acetate" + HC03 + 1/2HS"+ 1/2H* 
Acetate" + 1/2HS" + 1/2H* + H,0 

1/4H' 

HC03 + 3/4HS 

11/2Acetate" + 1/2H* 
11/2 Acetate"+ H20 + 1/2H* 
3/4Acetate~ + H20 
Acetate" + 4H,0 

A G0 [kJ/reaction] 

76.1 
48.3 
-4.2 

9.6 
23.5 

-135.6 
-31.0 
-78.2 

-151.9 
-47.6 
-37.7 
-27.8 
-80.0 
-66.4 
-90.4 

-56.6 
-42.6 
-55.0 

-104.6 

'*' Reprinted from Stams, et al.,53 with the kind permission of Springer Science and Business Media. Some calcu- 
lations have appeared elsewhere64 and are based on the review of Thauer, et al.55 

when H2 levels were >1.99 uM. Similarly, a strain of 
Methanosarcino. barkeri did not consume acetate until 
H2 depletion occurred.S7 

As indicated above, we hypothesize that the mi- 
croflora associated with oil production facilities largely 
reflects those found in petroleum reservoirs and that 
similar types of microbial associations can exist in 
both habitats. Three general groups of organisms re- 
sponsible for acetate formation in anaerobic habitats 
are particularly noteworthy, but they are far from mu- 
tually exclusive. They are the fermenting bacteria, the 
acetogenic bacteria, and the sulfate-reducing bacte- 
ria. In consistent fashion, Magot22 indicated that the 
major metabolic processes in oil reservoirs include 
sullate reduction, methanogenesis, fermentation, and 
homoacetogenesis. While these may indeed be major 
processes, they do not preclude the existence of iron- 
and nitrate-reducing bacteria.• Organisms catalyz 
ing these diverse metabolic processes can span a wide 
range of temperatures and salinity conditions. 

Fermentative Archaea and Bacteria (see review by 
Ollivier and CayoP) are anaerobes that use organic 
molecules as both electron donors and acceptors, and 
produce an array of end products whose identity is 
often characteristic of the organisms catalyzing the 
bioconversion. These organisms typically hydrolyze 
polymeric biomolecules like polysaccharides. proteins, 
and lipids. The same organism or others can con- 

tinue to ferment the resulting sugars, peptides. amino 
acids, and longer-chain fatty acids. Typical products 
formed by these organisms not only include acetate as 
the most commonly produced end product, but lon- 
ger-chain fatty acids, alcohols, formate, H2. and C02. 
Many of the fermentative bacteria in oil reservoirs are 
capable of using inorganic sulfur compounds (S", thio- 
sulfate), ferric iron, or nitrate as electron acceptors, 
although the latter is not commonly present in petro- 
liferous environments. 

End products produced during the fermentation 
of organic matter form the basis of many tightly cou- 
pled syntrophic interactions with other organisms in 
anaerobic environments. In fact, bacteria that syn- 
trophically oxidize fatty acids were once believed to 
be strictly dependent on (e.g.. H2-. formate-, acetate- 
utilizing) partner organisms, since they could only be 
grown in co-cultures.s" However, almost all known 
bacteria capable of syntrophic metabolism can now be 
grown fermentatively in pure culture with a more oxi- 
dized derivative of the parent substrate. 

Another group of anaerobic bacteria capable for 
catalyzing the formation of acetate are the acetogens. 
Most of these organisms are able to grow at the ex- 
pense of H2 plus C02 as the sole energy source. They 
effectively compete for H2 in anaerobic environments 
with other organisms and can easily constitute an 
end member of syntrophic partnerships. In effect. H-2 

CORROSION—vol. 64, No. n 857 



CORROSION SCIENCE SECTION 

serves as the electron donor lor C02 reduction to ac- 
etate in these organisms. There is precedence for the 
occurrence of acetogens in oil reservoirs but their 
presence and activity is only rarely determined. Ace- 
togens were found to be the most numerically domi- 
nant cultivated organisms in a low-temperature and 
low-salinity petroleum reservoir/19 and they have been 
reported in other types of petroleum formations as 
well.'*' Acetogens are not restricted to a lithotrophic 
lifestyle. Rather, these organisms are able to use very 
diverse electron donor and acceptor combinations and 
their in situ activities are not necessarily restricted 
to acetogenesis.1'1 Kl Since acetogens constitute a very 
phylogenetically and metabolically diverse bacterio- 
logical group, it is reasonable to anticipate that these 
organisms can inhabit and impact diverse habitats in- 
cluding oil pipelines. 

The ability of bacteria to produce corrosive hy- 
drogen sulfide from the reduction of sulfate. sulrite, 
thiosulfate, and elemental sulfur has been a chronic 
concern for the petroleum industry. These organisms 
are found in every anaerobic habitat examined to date 
and their population numbers are routinely moni- 
tored as part of pipeline integrity management efforts. 
They are an enormously diverse group of bacteria that 
can ferment both organic and inorganic compounds, 
use a wide variety of electron donors, and even re- 
duce acceptors other than the aforementioned ones 
(for a recent review, see Muyzer and Stamsri4). In the 
absence of an electron acceptor, these organisms can 
enter into syntrophic relationships with methanogens 
or other H2-consuming organisms. The ability to use 
carbohydrates tends to be rare. The diversity of sul- 
fate-reducing prokaryotes found in oil reservoirs has 
been reviewed.'1' These organisms fall into two general 
groups—those that completely oxidize their organic 
substrates and produce C02 as an end product, and 
those that Incompletely metabolize their substrates 
and produce acetate as well as C02. The complete 
oxidizers are able to utilize a wide variety of sub- 
strates including n-alkanes.h4'hS Thus far, hydrocar- 
bon-degrading, incomplete-oxidizing, sulfate-reducing 
bacteria are not known. However, both types of sul- 
fate-reducing bacteria have been isolated from oilfield 
production waters.**' The ability of these organisms to 
both produce and consume acetate positions them as 
an important group of bacteria that may help regu- 
late the concentration of this organic anion in pipeline 
systems. 

POTENTIAL SIGNIFICANCE-'  

Given the concerns over water, C02, and H2S in 
carbon steel pipelines, fluids are typically dewatered 
and degassed to CO., partial pressures ranging from 
0.1 bar to 0.3 bar (less than 5 psi of CO.J. However, 
even after degassing, anaerobic microbial metabo- 
lism can occur at the expense of numerous potential 

electron donors and acceptors. The requisite bacteria 
can catalyze such reactions as components of plank 
tonic microbial assemblages or within biofilms devel- 
oping on metal surfaces. As a result, we contend that 
C02 pipeline corrosion should no longer be considered 
strictly an abiotic process. The possibility of biotic in 
situ C02 as well as in situ acetate production has sev- 
eral important consequences. Measuring C02 at some 
initial point may not provide insight into the actual 
C02 content in a pipeline system. Further, there is no 
reason to expect that degassing incoming fluids to a 
desired level may effectively prevent C02 corrosion. 
Recognizing that in situ microbial C02 and acetate 
production may take place In bulk lluids or in local 
ized areas of biofilm formation may ultimately allow 
for better pipeline integrity management assessments. 

ACKNOWLEDGMENTS  

This work was supported in part by the Oliice of 
Naval Research through awards (N000140810829 and 
N0001408WX20857) and Conoco Phillips. 

REFERENCES 

1. IS. Bacon, K.A. Drown. OllCasJ. 41. 49 (1943): p. 91-92. 
2. M.A. Felipe, J.I). Kublckl, K.I I. Freeman. Org. Ceochcm. 36 

(2005): p. 835-850. 
3. J.R. Doles. "Evidence for Oil-Derived Organic Acids in Reser- 

voirs." Proc. 7lh Int. Symp. on Water-Rock Interaction—WR1-7, 
eds. Y.K. Kharaka. AS. Maest (Rotterdam, The Netherlands: 
Balkema. 1992). p. 311-314. 

4. I I.C. Helgeson, A.M. Knox. C.E. Owens. E.I.. Shock. Geochim. 
Cosmochim. Ada 57 (1993): p. 3.295-3.339 

5. WW. Carolhers. Y.K. Kharaka, Am. Assoc. Pel. Geol. Hull. 62 
(1978): p. 2.441-2.453. 

6. K. Kawamura, E, Tannenbanni, D.J. Ilui/mga. I.R. Kaplan. Geo 
clxcm. J. 20 (1986): p. 51-59. 

7. M. Siskin. A.R. Kalritzky. Science 254 (1991): p. 231-237. 
8. Ml). U'wan. J.D. Fisher. 'Organic Acids from Petroleum Source 

Rocks," in Organic Acid* in Geological Processes, eds. K.I). 1*111- 
man, M.I). Lewan (New York: Springcr-Vcrlag. 1994), p. 70-1 14. 

9. J.E. Cooper. E.E. Dray. Geochlm. Cosmoc/Km. Ada 27 (1963): p. 
1.1 13-1.127. 

10. T. Darih. A.E. Dorgund. A.I.. Ilopland. Org. Geochem. It 11989): 
p. 69-76. 

11. I'D Lundcgard. J.T. Scnftle, Appl. Geochem. 2 (1987): p. 605- 
612. 

12. T.I. Kglinton. C.I). Cnrlis, S.J, Rowland. Mineral. Mag. 51 (1987): 
p. 495-503. 

13. T. Darih. A.E. Dorgund. A.I.. Ilopland. A. Graue, Org. Geochem. 
13 (1988): p. 461-465. 

14. K.I". Dias. K.I 1. Freeman. M.I). Uwan. S.G. Franks. Geoclxtm. 
Cosmochim. Ada 66 (2002): p. 2.755-2.769 

15. A.E. Dorgund. T. Darih. Org. Geochem 21 (1994): p. 943-952. 
16. Y. Garsany. f). Plelcher. D. Hedges, "The Role of Acetate in CO.. 

Corrosion of Carbon Steel: Studies Related [oOUflcld Condi- 
tions," CORROSION/2003, paper no. 03324 (Houston. IX: NACE 
International, 2003). 

17. J.L. Crolel, M. Ronis, "ATentative Method lor Predicting the Cor- 
rosivlly of Wells in New COj Fields." in Advances in COj Corro 
ston. vol. 2: Selected Papers from the CORROSION/84 Symp. on 
corrosion by COa In the Oil and Gas Industry and CORRO 
SION/85 Symp. on Experiences in CO.. Flooding and Other Re- 
covery Systems: Field Service/Case History (Houston, IX: NACK, 
1985). p. 23-38. 

18. J.-L. Crolct. N. Thcvenot. A. Dugslad, "Role of Free Acetic Acid on 
the COs Corrosion of Sleds." CORROSION/99, paper no. 24 
(Houston. IX NACF. 1999). 

19. S. NcsiO. Corros. Set. 49 (2007): p. 4.308-4.338. 

858 CORROSION—NOVEMBER 2008 



CORROSION SCIENCE SECTION 

20. NACK No. 21111/SP0106-2006. "Control of Internal Corrosion In 43. 
Steel Pipelines and Piping Systems" (Houston. 'IX NACK. 2006). 
p. 16. 44 

21. H. Hedges. L. McVeigh. The Role of Acetate in COa Corrosion: 45. 
The Double Whammy." CORROSION/99, paper no. 21 (Houston. 
TX: NACK. 1999). 46. 

22. M. Magot. "Indigenous Microbtal Communities In Oil Fields." in 
I'clroleum Microbiology, eds. B. Ollivier. M. Magol (Washington, 47. 
DC: ASM Press, 2005). p. 21 -.'i.i 

23. I.M. Head. D.M.Jones. S.K. tarter. Nature 426 (2003): p. 344- 48. 
352. 

24. S. trailer. II. Huang. J. Adams. H. Bennett. O. Jokanola. T. Old- 49. 
enburg. M. Jones. I. Head. C. Riedlgcr, M. Fowler, AA/'G Hull. 90 
(2006): p. 921-9:IS. 

25. J. Ileider. A.M. Spormann, H.R Heller. P. Widclel. FEMS Micro 50. 
biol. Rev. 22 (1999): p. 459-473. 

26   U.K. Heller, Biodeyradation 11 (2000): p. 125-139 
27. A.M. Spormann. P. Widdel. Btodeyrudaiion 11 (2000): p. 85-105 51 
28. M.D. Zwolinski. R.F. Harris. W.J  lltekcy. Biodeyradation 11 

(2000): p. 141-158. 52. 
29. F. Widdel. R. Rabus. Curr. Opin. lllotech. 12 (2001): p. 259-276. 
30. M  Roll, G. Puchs. J. Ileider. Curr. Opin. Biotech. 6 (2002): p. 53. 

604-611. 
31   R. Chakraborty. J.D. Coate-s, Appl. Microhiol lllotechnol. 64 54. 

(2004): p. 437-446. 
32. R.U. Mcckenstock, M. Salinowski. C. Griebler. FEMS Microhiol. 55. 

Ecol. 49 (2004): p. 27-36. 
33. J.M  Suilita. LA. Davidova. L.M. Gleg. M. Nanny. K.C. Prince, 56. 

"Anaerobic Hydrocarbon Blodegradatlon and the Prospects for 
Mierobial Enhanced Energy Production." in I'elrok'um Uiotechnol 57. 
ogy: Developments and Perspectives, eds. K. Vazquez-Duhalt. R. 
Quintero-Ramicrcz (New York. NY: Elsevier BV. 2004). p. 283- 58. 
305. 

.34.  R. Rabus, "Biodcgradalion of Hydrocarbons Under Anoxic Condi- 
tions, tn Petroleum Microbiologu. eds. Ii. Ollivier. M. Magot (Wash- 59 
tngton, DC: ASM Press, 2005). p. 277-299. 

35. J. Ileider. Curr. Opin. Chem. Biol. 11 (2007): p. 188-194. 60. 
36. J.M. Suilita. M.J. Melnemey. "Mierobial Approaches lor the En- 

hanced Recovery of Methane and Oil from Mature Reservoirs," In 61 
/Moeneray. eds. J.D. Wall. C.S. Ilarwond. A. Domain (Washington. 
DC: ASM Press. 2008). p. 389-403. 62 

37. E.A. Edwards. D. GrbiC-GaliC, Appl. Environ. Microhiol. 60. 1 
(1994): p. 313-322. 

38. J. Kazumi, M.E. Caldwell. J.M. Suilita. D.R. Lovley, I..Y. Young, 63 
Enuiron. Sci. Techno!. 31 (1997): p. 813-818. 

39. J.M. Weiner. D.R. Lovley. Appl. Environ. Microhiol. 64 (1998): p. 
1.937-1.939. 64 

40. U.K. Heller. E.A. Edwards. Appl. Etwlron. Microhiol. 66. 12 (2000): 
p. 5.503-5.505, 65 

4 1   A.C. Ulrieh. E.A. Edwards. Environ. Microhiol. 5. 2 (2003): p. 92- 
102. 

42. G.T. Townscnd. K.C. Prince. J.M. Suilita. FEMS Microhiol. Ecol. 
49 (2004): p. 129-135. 

K. Zengler, I I.I I. Richnow. R. Kossello-Mora. W. Mlchaclls, p. 
Widdel. Nature 401 (1999): p. 266-269. 
R. Anderson. D. Lovley, Nature 404 (2000): p. 722-723. 
G.T. Townsend. R.C. Prince, J.M. Suilita. Environ. Set. Techno/. 
37. 22 (2003): p. 5.213-5.218 
T. Stddiquc, I'M  I'cdorak, J.M. Foghl. Era'fron. Set. 7'echnol. 40 
(20061: p. 5.459-5.464. 
T. Stddiquc. P.M. Fedorak, M.D. MacKinnon. J.M. Foght. Enuiron. 
ScL TeChnol. 41 (2007): p. 2.350-2.356 
L.M. Gleg. K.E. Duncan. J.M Suilita. Appl. Enuiron. Mfcrobiol. 74 
(2008): p. 3.022-3,029. 
B. Schink. "Energetic Aspects of Methanogenlc Feeding Webs," In 
llloenergy. eds. J.D. Wall. C.S. Harwood. A. Demain (Washlnglon. 
DC: ASM Press. 2008). p. 171-178. 
M.J. Melnemey. CO. Struchtenioycr. J Siebcr. II. Moultaki. 
A.J.M. Slams. II. Schink. L. Rohlin, UP. Gunsalus, Ann. NY 
Acad. Sci. 1125 (2008): p. 58-72. 
J. Dolling. J.M. Ttedje, Appl. Environ. Microhiol. 51 (1988): p. 
1.871-1.873. 
V. Warikoo. M.J. Melnemey. J.A Robinson. J.M  Sulllla. Appl. 
Environ. Microhiol. 62 (1996): p. 26-32 
A.J.M. Slams. S.J.W.II. Oude Ellcrink. P. Wcslenmann, Adv. Bio 
chem. Eny. Biol. 81 (2003): p. 32-56. 
G. Muyzer, A.J.M. Status. Nat. Rev. Microhiol. 6 12008): p. 441- 
454. 
R.K. Thauer. K. Jungcmiann. K. Decker, liacteriol. Rev. 41 
(1977): p. 100-180. 
B.K. Ahring. P. Wcstcrmann. R.A. Mali. Arch. Microhiol. 157 
(1991): p. 38-42. 
T.J. Ferguson, R.A. Mall. Appl. Envtrotx. Microhiol. 46 (1983): p. 
348-355. 
B. Ollivter. J.-L. Cayol. "Fermentative, Iron-Reducing, and Ni- 
trate-Reducing Microorganisms." in 1'etroleum Mtcrobioloyii 
(Washln0on. DC: ASM Press. 2005). p  71-88. 
A. Grabowskl, O. Nercessian. F. Eayolle. D. Blanche), C. Jcan- 
Ihon. FEMS Microhiol. Ecol. 54 (2005): p. 427-443. 
V J. Orphan. L.T. Taylor. D. llatenbradl, E.F. Dclong. Appl. Envi 
ran. Microhiol. 66 (2000): p. 700-711. 
ILL. Drake. K. Kiise. C. Matlhics. Ant. uan LeeuteeM. 8 (2002): p. 
203-213. 
F. Imkanip. V. Mullen "Aeetogenie Bacteria." in Encyclopedia oj 
Lffe Sciences (Chichcsler: John Wiley ft Sons. Lid.. 2006). p. 1-8, 
hilpV/www.cls.nel/ (doi: 10.1002/9780470015902.a0020086). 
N.K. Birkeland. "Sulfato-Rcductng Bacteria and Arehaea." in Pe- 
troleum Microbiology, eds. B. Ollivier. M. Magol (Washington. DC: 
ASM Press. 2005), p. 35-54. 
LA. Davidova. J.M. Sulllla. Method. Enzymol. 397 (2005): p. 17 
34. 
F. Widdel. P. Musal. K. Knillel. A Galushko. "Anaerobic Degra- 
dation of Hydrocarbons with Sulphate as Electron Acceptor," in 
Sulphate Reducing Bacteria Environmental and Engineered Sys- 
tems, eds. L.L. Barton. W.A. Hamilton (Cambridge. U.K.: Cant- 
bridge University Press. 2007). p. 265-303. 

CORROSION—vol. 64, No. 11 859 


